INTRODUCTION
============

UV irradiation is the most common environmental factor involved in human skin damage, leading to conditions such as skin carcinogenesis, inflammation, solar erythema and premature senescence \[[@B1]\]. The UV spectrum is classified by wavelength as UVA (315-400 nm), UVB (280-315 nm), and UVC (100-280 nm). UVA and UVB reach the earth\'s surface but UVC is filtered out by the ozone layer \[[@B2]\]. UVA accounts for 90-99% of the UV energy that reaches the earth\'s surface and UVB contributes the other 1-10% \[[@B3]\]. However, UVB has been reported to be 1,000-10,000 fold more carcinogenic than UVA \[[@B3]\]. Furthermore, ozone depletion due to the emission of halogen-containing compounds caused by human activities has increased the level of UVB absorbed by human skin.

Excessive exposure to UVB irradiation generates reactive oxygen species (ROS) in skin \[[@B4]\], and increased ROS generation can overwhelm the antioxidant-defense mechanism resulting in oxidative stress and oxidative photo-damage in the skin \[[@B5]\]. An enzymatic antioxidant defense system composed of catalase and superoxide dismutase (SOD) is therefore crucial for the protection of skin from UVB-induced oxidative stress \[[@B6]\]. ROS also leads to the activation of transcription factors that induce the expression of pro-inflammatory cytokines and metalloproteinase (MMPs) \[[@B1]\]. Collagen-degrading MMP-1, also known as collagenase, is up-regulated and serves as the primary MMP in UV-exposed skin. Therefore, excessive degradation of collagen and matrix by UV-induced MMPs is a characteristic feature of photo-damaged skin, and MMP is used as a major marker of UVB-induced photoaging as well as skin inflammation. Elastin, another fibrous protein of the skin, has an influence on skin elasticity although the distribution is lower than that of collagen \[[@B7]\]. Because this elastic fiber is easily decomposed by elastase secretion and activation due to UV or ROS, an approach that inhibits elastase activity could also be used as a useful method in protecting against photoaging \[[@B8]\].

Natural agents, with potential antioxidant, anti-inflammatory, anti-mutagenic, anti-carcinogenic and immunomodulatory properties are gaining considerable attention in relation to the prevention of UV-induced skin damage \[[@B9]\]. Adenophora remotiflora (AR) is a perennial wild plant of the Campanulaceae family that inhabits Korea, China, and Japan. It has traditionally been used in Korea as alternative medicine for the treatment of certain diseases including expectorations, chills, fever, poisoning, and phlegm discharge \[[@B10]\]. Recently, the antioxidant and chemopreventive activity of AR has been reported in several in vitro studies \[[@B11][@B12]\]. However, the preventive effect of photoaging has never been examined. The present study therefore investigated the protective effects of AR against UVB-induced photo-damage in human epidermal keratinocytes.

MATRERIALS AND METHODS
======================

Preparation of plant extract
----------------------------

Two-month-old vacuum freeze-dried AR leaves were donated by Eco-Sprout Co. Ltd. (Gyeonggido, Korea), an environmentally friendly agricultural company. The samples were extracted with 80% ethanol at 65℃ for 5 h, filtered through a 0.45 µm filter (Osmonics, Minnetonka, MN), and lyophilized.

Antioxidant activity
--------------------

Antioxidant activities in a cell-free system were evaluated by free radical and NO scavenging activities. The free radical scavenging activity of AR extracts on DPPH radical was determined using the method described by Huang et al. \[[@B13]\], with slight modification. Briefly, DPPH ethanol solution was added to various concentrations of AR extract (0.4-50 mg/mL) in 96-well plates. After 30 min incubation at room temperature in the dark, the absorbance at 515 nm was measured by a plate reader (BioTek Inc., Winooski, VT). The free radical scavenging activity of the sample was calculated by the following formula:

Where As is the absorbance of the sample and Ab is the absorbance of the blank.

NO production was assessed by measuring the nitrite content. Briefly, Griess reagent (0.1% *N*-1-naphthylenediamine dihydrochloride and 5% H~3~PO~4~ solution) was added to AR extracts in a 1:1 (v/v) manner. After gentle mixing and 15 min incubation in the dark, NO levels were subsequently measured and compared with a nitrate standard curve. Absorbance values at 560 nm were measured using a microplate reader. The NO scavenging activity of the sample was calculated using the same formula as used for the DPPH scavenging activity. The IC~50~ values were obtained using GraphPad Prizm (Ver. 6, La Jolla, CA, USA).

Cell culture and UV irradiation
-------------------------------

An immortalized human keratinocyte cell line, HaCaT (ATCC, Rockville, MD), was cultured in Dulbecco\'s Modification of Eagle\'s Medium (DMEM) containing 10% heat-inactivated Fetal bovine serum (FBS), 100 U/mL penicillin and 100 µg/mL streptomycin in a humidified atmosphere with 5% CO~2~ at 37℃. Cells were exposed to UVB (30 mJ/cm^2^) with a thin layer of PBS using a UVB lamp (312 nm, Spectroline Model EB-160C, New York, NY). After UVB irradiation for 5 min, the cells were washed with warm PBS, and incubated with serum-free DMEM for 24 h. Mock-irradiated controls followed the same schedule of medium changes without UVB irradiation.

Lactate dehydrogenase assay
---------------------------

UVB irradiation-induced cytotoxicity was determined using a colorimetric lactate dehydrogenase (LDH) leakage assay kit (LK100, Oxford Biomedical Research, Rochester Hills, MI) in accordance with the manufacturer\'s instruction. Cells in 96-well plates (2 × 10^5^ cells/well) were pretreated with AR extract at a concentration of 10, 30 or 100 µg/mL prior to UVB irradiation. After incubation for 24 h, reaction buffer was added. The intensity of color obtained from the reaction is proportional to LDH activity. The cytotoxicity was expressed as a percentage of the absorbance at 490 nm of a non-UV-irradiated control.

ROS production
--------------

2\',7\'-dichlorodihydrofluorescein diacetate (DCFH-DA) was used to detect ROS production in cells \[[@B14]\]. DCFH-DA, which had entered the cells, was cleaved to form 2\',7\'-dichlorodihydrofluorescein (DCFH). Trapped DCFH was oxidized by oxygen free radicals to produce fluorescent\',7\'-dichlorofluorescein (DCF). Cells which had been treated with AR extract prior to UV irradiation were incubated with 20 µM DCFH-DA for 30 min and harvested after 24 h. ROS formation was analyzed with a fluorometer (TECAN,SER-NR 94572, Salzburg, Austria) using 485 nm of excitation and 530 nm of emission filters. ROS production was expressed as a percentage of the fluorescence of a non-UV-irradiated control.

Antioxidant enzyme activities
-----------------------------

To estimate the effects of AR on catalase and SOD activity after UVB irradiation, cells were pretreated with AR extract for 24 h prior to UVB irradiation. Catalase activity was measured using Amplex Red Catalase assay kit (Molecular Probes, Invitrogen, Eugene, OR). Catalase first reacts with H~2~O~2~ to produce water and oxygen, and residual H~2~O~2~ then reacts with Amplex Red reagent in the presence of horseradish peroxidase to produce the highly fluorescent oxidation product, resorufin. One unit of catalase was defined as the amount of enzyme required to decompose 1 µM of H~2~O~2~ per minute. The rate of decomposition of H~2~O~2~ was measured spectrophotometrically at 560 nm for 1 min.

SOD activity was measured using a commercially available SOD assay kit (Dojindo Molecular Technologies, Rockville, MD). Xanthine and xanthine oxidase were used to generate superoxide radicals reacting with 2-(4-iodophenyl)3-(4-nitrophenol)-5-phenyl tetrazolium chloride to form a red formazan dye. SOD activity was then measured at 505 nm.

Elastase inhibition activity
----------------------------

The cells were planted in 48-well plates (5 × 10^4^ cells/well), pretreated with AR extracts (0-100 µg/mL) for 24 h, and exposed to UVB irradiation. The activity of porcine pancreatic elastase type IV (Sigma Chem. Co., USA) was determined using a spectrophotometric method \[[@B15]\] with N-Succ-(Ala)3-*p*-nitroanilide as a substrate. The reaction mixture was pre-incubated for 15 min before addition of the substrate, and the release of *p*-nitroaniline was monitored by measuring the absorbance at 410 nm.

MMP-1 production
----------------

HaCaT cells were cultured in 24-well plates (1 × 10^6^ cells/well), pretreated with AR extract (10-100 µg/mL) for 24 h, and exposed to UVB. The production of MMP-1 was determined using a commercial ELISA kit (Human total MMP-1 kit; R&D systems, Minneapolis, MN).

Collagen content
----------------

The collagen content in HaCaT cells after UVB irradiation was quantified using a SirCol collagen assay kit (Biocolor Ltd., Belfast, Northern Ireland). Anionic Sirus red dye, which reacts specifically with basic side chain groups of collagen, was added to cell lysates and then incubated under gentle rotation for 30 min at room temperature. After centrifugation at 12,000 × g for 10 min, collagen-bound dye was dissolved with 0.5 mM NaOH, and the absorbance was measured at 540 nm. Collagen content was expressed as a percentage of the non-UV-irradiated control.

Quantitative real time RT-PCR
-----------------------------

Total RNA, isolated using RNeasy® Protect Mini kit (Qiagen, Valencia, CA, USA), was reverse transcribed to cDNA with the SuperScript First-Strand Synthesis System (Invitrogen). The primer sequences for *MMP-1* were: forward, 5\'-ATT CTA CTG ATA TCG GGG CTT TGA-3\'; and reverse, 5\'-ATG TCC TTG GGG TAT CCG TGT AG-3\'. The primer sequences for GAPDH were: forward, 5\'-TCA TCA ATG GAA ATC CCA TCA CC-3\'; and reverse, 5\'-TGG ACT CCA CGA CGT ACT CAG C-3\'. PCR amplification was carried out using a QuantiTectTM SYBR Green PCR kit (Qiagen, Valencia, CA, USA). The PCR cycle was 94℃ for 10 min, followed by 40 cycles of reaction at 94℃ for 10 s, 58℃ for 15 s, and 72℃ for 20 s. The level of *MMP-1* mRNA was normalized to the level of GAPDH, and compared with a control (untreated sample) using the ΔΔCT method \[[@B16]\].

Statistical analysis
--------------------

Each experiment was performed in triplicate and all data are presented as means ± SD. Significant differences between groups were analyzed by ANOVA and with Duncan\'s multiple range test (*P* \< 0.05).

RESULTS
=======

Effect on cell-free system antioxidant activity
-----------------------------------------------

The effect of AR on free radical and NO scavenging capacities were determined in a cell-free system. DPPH radical and NO scavenging activities were both dose-dependently increased with AR treatment, reaching a saturation point at 10 mg/mL concentration and exhibiting scavenging activities of 90.4 ± 5.0% and 87.4 ± 9.0%, respectively ([Fig. 1](#F1){ref-type="fig"}). The level of scavenging activity for DPPH radical was greater than that for NO. The IC~50~ values for the DPPH radical and NO scavenging activities were 1.88 mg/mL and 6.77 mg/mL, respectively.

Effect on UVB-induced cytotoxicity and ROS generation in HaCaT cells
--------------------------------------------------------------------

The protective effect of AR against UVB-induced cytotoxicity was tested by incubating human keratinocyte HaCaT cells with AR extract (10-100 µg/mL) for 24 h before UVB treatment. Cytotoxicity was evaluated by LDH measurement. The LDH leakage assay is based on the measurement of LDH activity in the extracellular medium. The loss of intracellular LDH and its release into the culture medium is an indicator of irreversible cell death due to cell membrane damage \[[@B17]\]. As shown in [Fig. 2](#F2){ref-type="fig"}, UVB irradiation caused cytotoxicity as measured by LDH release from keratinocytes, and AR treatment had no effect on cytotoxicity.

The UVB-induced intracellular oxidative stress level was determined using the redox sensitive dye DCFH-DA. UVB irradiation caused a significant 2-fold increase in ROS generation as compared with non-irradiated control cells, indicating massive oxidant generation. The increase in ROS was significantly reduced (*P* \< 0.05) in the presence of AR in a concentrationdependent manner ([Fig. 2](#F2){ref-type="fig"}).

Effect on antioxidant enzymes
-----------------------------

To investigate whether the ROS scavenging activity of AR was mediated by the activity of antioxidant enzymes, catalase and SOD activities were measured in UVB-exposed HaCaT cells. As shown in [Fig. 3](#F3){ref-type="fig"}, UVB irradiation markedly reduced catalase and SOD activities by 62.02 ± 8.4% (*P* \< 0.05) and 68.94 ± 3.7% (*P* \< 0.05), respectively, compared to non-irradiated control cells. However, addition of AR extracts prior to UVB exposure was able to dose-dependently reverse inactivation of both catalase and SOD activities. The effect of AR on catalase activity was greater than the effect on SOD. The antioxidant enzyme activities after 30 and 100 µg/mL AR treatment were increased by 2.2- and 5.0-fold for catalase, and 1.7- and 3.4-fold for SOD, respectively. Thus, AR reduced photo-oxidative stress by scavenging ROS through enhanced catalase and SOD activities. The antioxidative enzyme-enhancing actions of AR may also contribute to its beneficial effects against cell damage caused by UVB exposure. The numbers of viable activated keratinocytes were not altered by AR as determined by LDH assays ([Fig. 2](#F2){ref-type="fig"}), indicating that the effect on catalase and SOD activities were not simply due to cytotoxic effects.

Effect on elastin and collagen
------------------------------

The effects of AR on elastase activity, MMP-1 level, collagen content, and mRNA expression of *MMP-1* were determined using a spectrophotometric method, ELISA, a dye binding method, and quantitative real time RT-PCR, respectively. Exposure of HaCaT cells to UVB significantly increased elastase and MMP-1 levels by 1.5-fold and 2.0-fold, respectively, both of which were reversed by AR treatment in a dose-dependent manner ([Fig. 4](#F4){ref-type="fig"}). Elastase activity and the MMP-1 level were reduced to 89.4 ± 2.7% and 100.6 ± 11.6%, respectively, of non-irradiated control cells with 100 µg/mL AR treatment. Accordingly, collagen content, assessed by SirCol collagen staining assay, was reduced to 56% of the non-irradiated control cells by UVB irradiation, and 100 µg/mL AR pretreatment dose-dependently restored it to 70.5% of the control value. Furthermore, mRNA expression of *MMP-1*, determined by quantitative real time RT-PCR, was dramatically increased by 3-fold after UVB exposure, but was normalized by AR treatment in a dose-dependent manner. The effects of AR seemed not to originate from its cytotoxicity as AR showed no significant cytotoxicity ([Fig. 2](#F2){ref-type="fig"}).

DISCUSSION
==========

ROS and reactive nitrogen species (RNS) production by UVB irradiation contributes to photo-damage, inflammation, immune suppression, gene mutation and carcinogenesis. Therefore, substances able to inhibit these reactive species could be used in the prevention of photoaging and skin cancer \[[@B18]\]. The results of the present study demonstrate the hydrogen donating capability as well as NO scavenging activity of AR, suggesting that AR is a photo-protective agent.

DPPH is a stable free radical donor that is widely used to test the free radical scavenging effects of natural antioxidants. NO is a free radical that reacts with oxygen to form oxides of nitrogen. NO and RNS have been shown to be associated with common forms of skin diseases. NO, liberated following UV irradiation, plays a significant role in initiating erythema and inflammation \[[@B19]\]. NO can combine with UV-induced superoxide to form peroxynitrite, which exists in equilibrium with peroxynitrous acid. These reactive nitrogen species are very toxic, and can cause DNA damage.

UV irradiation is also associated with formation of ROS leading to skin aging and photo-carcinogenesis \[[@B1][@B4]\]. UVB rays interact with cellular chromophores and photosensitizers, resulting in the generation of singlet oxygen, superoxide anions, hydroxyl radicals and hydrogen peroxide \[[@B1]\]. The results demonstrate the protective potential of AR from antioxidant activity through the inhibition of ROS formation induced by UVB in human keratinocytes HaCaT cells.

Several reports have suggested that botanical antioxidants, including polyphenols, have been shown to be associated with a reduced incidence of ROS-mediated photocarcinogenesis and photoaging \[[@B2][@B9][@B20]\]. Recently, Kim et al. reported on AR containing a high total phenolic content, a well-known antioxidant compound \[[@B11]\]. Therefore, the high polyphenol content in AR could be partly responsible for its antioxidant effect. The antioxidant properties of polyphenols are due to the presence of their many phenolic hydroxyl groups, which have a high potential for scavenging free radicals \[[@B21]\]. Phenolic compounds donate hydrogen to reactive radicals and break the chain reaction of lipid oxidation at the initiation step \[[@B22]\].

Under normal conditions, skin produces enzymes such as elastase and collagenase at a similar rate as the aging process occurs and age increases. However, these enzymes are produced at a faster rate with overexposure to UV and excessive ROS, resulting in faster degradation of elastin and collagen, which form the main foundation of the extracellular matrix (ECM) of the dermis and epidermis \[[@B2]\]. ROS accumulation in photoaged skin has been suggested to associate with increased MMP-1 expression, which could be reversed by promoting the capacity of antioxidant defenses including catalase \[[@B23]\], SOD, and glutathione \[[@B24]\]. Therefore, the redox balance accountable for the protection against photo-oxidative stress in keratinocytes \[[@B24]\] and redox regulation of MMP-1 might represent strategies for photoaging prevention.

The mechanisms by which AR suppressed activation of MMP-1 in HaCaT cells exposed to UVB are probably attributed to the attenuation of UVB-mediated ROS accumulation as a result of the augmentation of endogenous antioxidant capacity as well as high polyphenol content in AR. The functional components in AR other than total phenolic content \[[@B11]\] have not been thoroughly investigated. Polyphenols have been shown to inhibit photoaging by preventing the expression of MMPs. Polyphenol-rich pomegranate fruit extract has been shown to inhibit UVB-induced up-regulation of MMP-1 \[[@B25]\], polyphenol-rich fraction of Quinoa significantly inhibited *MMP-1* mRNA expression in human dermal fibroblast cells \[[@B26]\], and extracts of Coffea arabica \[[@B27]\] prevented skin cells from UVB-induced photoaging by inhibiting the expression of MMP-1, 3, and 9. Furthermore, polyphenols such as epigallocatechin-3-gallate (EGCG) from green tea, equol from soy, and Salvianolic acid B, have been reported to inhibit UVB-induced expression of MMP-1 \[[@B28][@B29][@B30]\].

UV irradiation damages the antioxidant defense system, impairs signal transduction pathways in skin cells, and degrades ECM proteins including collagen, elastin, proteoglycans, and fibronectin \[[@B31][@B32]\]. Therefore, collagenase as well as elastase inhibitors have been identified as potential therapeutic agents that protect against photoaging and wrinkle formation. The results of the present study clearly demonstrate that AR treatment significantly attenuates ROS production and elastase activity, *MMP-1* at the mRNA and protein levels, and collagen content in a dose-dependent manner. These data suggest that AR is a potential candidate for the prevention and treatment of skin photoaging.

In conclusion, the present study provides the first evidence that AR inhibited UVB-induced ROS production and induction of MMP-1 as a result of augmentation of antioxidant enzymes in HaCaT human keratinocytes. These results suggest that AT might act as an effective inhibitor of UVB-modulated signaling pathways and might serve as a photo-protective agent.
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![Antioxidant effect of AR on DPPH radical and nitric oxide scavenging in a cell-free system.\
(A) DPPH radical scavenging activity of AR. (B) Nitric oxide scavenging activity of AR. The level of DPPH radical was measured spectrophotometrically at 515 nm. The NO scavenging capacity was assessed by Griess assay. The IC~50~ values for DPPH radical and NO scavenging activities were 1.88 mg/mL and 6.77 mg/mL, respectively. Each bar represents the mean ± SD (n = 6). The bars with a different letter are significantly different from each other at the level of *P* \< 0.05.](nrp-10-371-g001){#F1}

![Effect of AR on UVB-induced cell cytotoxicity and ROS formation of human keratinocytes.\
(A) Cells were pretreated with AR prior to UVB irradiation (30 mJ/cm^2^) and harvested 24 h later. Cytotoxicity was determined by LDH leakage assay. (B) Intracellular ROS levels induced by UVB were determined by the DCF-DA method. Cells, treated with AR prior to UV irradiation, were incubated with 20 µM of DCF-DA for 30 min, and harvested after 24 h. ROS formation was analyzed with a fluorometer (excitation; 486 nm, emission; 530 nm). Each bar represents the mean ± SD (n = 3). The bars with a different letter are significantly different from each other at the level of *P* \< 0.05.](nrp-10-371-g002){#F2}

![Effect of AR on antioxidative enzyme activity.\
Cells were pretreated with AR for 24 h prior to UVB irradiation (30 mJ/cm^2^) and harvested 24 h later. (A) Catalase activity was measured using a colorimetric assay kit. One unit of catalase was defined as the amount of enzyme required to decompose 1 µM of H~2~O~2~ per minute. (B) SOD activity was measured using a colorimetric assay kit. Enzyme activity is expressed as average enzyme activity unit per mg protein ± SD (n = 3). The bars with a different letter are significantly different from each other at the level of *P* \< 0.05.](nrp-10-371-g003){#F3}

![Effect of AR on UVB-induced degradation of elastin and collagen, and collagen synthesis in human keratinocytes.\
Cells were pretreated with AR for 24 h prior to UVB irradiation (30 mJ/cm^2^) and harvested 24 h later. (A) Elastase activity was measured spectrophotometrically with N-Succ-(Ala)3-*p*-nitroanilide as a substrate, and the release of *p*-nitroaniline was monitored. (B) MMP-1 level was determined using an ELISA kit. (C) Collagen production was determined using a SirCol collagen assay kit. (D) Expression of *MMP-1* mRNA was determined by quantitative real time RT-PCR. GAPDH was used as an internal control. Each bar represents the mean ± SD (n = 3). The bars with a different letter are significantly different from each other at the level of *P* \< 0.05.](nrp-10-371-g004){#F4}
